We report Cr III ultraviolet (UV) transition wavelengths measured using a high-resolution Fourier transform spectrometer (FTS), for the first time, available for use as wavelength standards. The doubly ionized iron group element spectra dominate the observed opacity of hot B stars in the UV, and improved, accurate, wavelengths are required for the analysis of astronomical spectra. The spectrum was excited using a chromium-neon Penning discharge lamp and measured with the Imperial College vacuum ultraviolet FTS. 140 classified 3d 3 4s-3d 3 4p Cr III transition lines, in the spectral range 38 000 to 49 000 cm −1 (2632 to 2041 Å), the strongest having wavelength uncertainties less than one part in 10 7 , are presented.
I N T RO D U C T I O N
The iron group elements, with their complex spectra and relatively high abundances, provide much of the observed opacity in stellar atmospheres (Johansson 1987) . In particular, doubly ionized spectra of the iron group are observed to dominate the ultraviolet (UV) spectra of hot B stars (Swings, Klutz & Vreux 1976; Cowley & Frey 1988) . Major improvements in the resolution and accuracy of observed stellar spectra in the past few decades, made possible by advances in space and ground-based spectrographs, have led to a demand for transition wavelengths in the vacuum ultraviolet (VUV) wavelength region with uncertainties as low as a few parts in 10 7 (approximately 0.2 mÅ at 2000 Å) in order to fully interpret newly resolved stellar spectral features (Leckrone et al. 1996; Smith et al. 1998 ). The existing atomic data base of laboratory measurements for the doubly ionized iron group spectra has been found to be severely lacking in wavelength coverage and accuracy, with order of magnitude improvements in wavelength accuracy required in many cases (Pickering 2002) . For complex spectra, laboratory measurements are essential because theoretically calculated wavelengths and energy levels are of insufficient accuracy for many astrophysical applications (Kurucz 2002) .
Fourier transform (FT) spectroscopy enables highly accurate, high resolution, broad-band spectral measurements, and has been used in the recent years to measure neutral and singly ionized iron group spectra yielding improved wavelengths and energy levels; see, for example: Cr I (Murray 1992) ; Fe I (Nave et al. 1994) ; Co I (Pickering & Thorne 1996) and Co II . Doubly ionized iron group spectra, in particular Cr III, Fe III and Co III, have also been studied using FT spectroscopy with a Penning discharge E-mail: j.pickering@imperial.ac.uk lamp (PDL) as a light source (Smillie et al., in preparation; Smith et al. 1998; Smillie et al. 2006 ). This paper presents accurate wavelengths of Cr III measured by FT spectroscopy for use as wavelength standards and for analysis of stellar spectra.
The most recent analysis of a doubly ionized iron group element is that of Ekberg (1997) , an improvement and extension of his analysis of Cr III from Ekberg (1976) . Ekberg used a low-voltage sliding spark discharge and the normal incidence vacuum spectrograph at the US National Institute of Standards and Technology (NIST) to measure Cr III in the region 763 to 2675 Å. In total, Ekberg presents 1893 transition lines and 352 energy levels with typical level uncertainties ranging from 0.05 to 0.15 cm −1 . The observed wavelengths are quoted with estimated uncertainties of 5 mÅ. Ekberg's observed wavelength uncertainties correspond to two parts in 10 6 at 45 000 cm −1 , an order of magnitude greater uncertainty than required for analysis of high-resolution stellar spectra. In the new measurements of Cr III transition lines by FT spectroscopy, presented here, the wavenumber (σ ) uncertainty approaches 0.002 cm −1 (0.1 mÅ at 2200 Å, or five parts in 10 8 ) for the lines of high signal-to-noise ratio (SNR), more than an order of magnitude improvement in accuracy over Ekberg's measurements. Fig. 1 shows a section of the observed and synthetic spectra of the B star γ Pegasus (Adelman, Peters & Proffitt, private communication), recorded by the Space Telescope Imaging Spectrograph (STIS) onboard the Hubble Space Telescope (HST). Of the 43 identified lines labelled in Fig. 1, 40 are from the doubly ionized iron group spectra; 14 are Cr III lines, 11 of which are included in our classified Fourier transform spectrometer (FTS) linelist.
E X P E R I M E N TA L D E TA I L S
The Cr III spectrum was acquired in the wavenumber range 31 596 to 63 192 cm −1 , using the Imperial College (IC) VUV FTS, described by Thorne (1996) , and a PDL as light source. The spectral resolution used, 0.12 cm −1 , was sufficient to fully resolve the Doppler broadened transition line profiles, for which the average unblended full-width at half maximum (FWHM) was just under 0.3 cm −1 . Emission-line sources used for exciting neutral and singly ionized iron group spectra for measurements with an FTS, such as the hollow cathode lamp, are unable to significantly excite the levels of the doubly ionized iron group elements. However, a PDL designed by Heise et al. (1994) has been shown to populate the levels of certain doubly ionized iron group elements while maintaining the necessary intensity stability for measurements by FTS (Smith et al. 1998) . For the Cr III measurements, the PDL was operated with pure (99.9 per cent) chromium cathodes, a neon buffer gas of pressure 3.0 to 4.4 × 10 −4 mBar and a DC discharge current of 1.9 A; the discharge voltage was in the range 0.93 to 1.14 kV (Smillie 2007) . The success in running the PDL using Cr cathodes is contrary to the predictions of Finley et al. (1979) , who studying a similar PDL, predicted that chromium cathodes would be unsatisfactory due to their magnetic properties. Excitation of the doubly ionized levels in the PDL is optimized by using a higher discharge current and a lower buffer gas pressure; however, instability in the discharge increases as the conditions become more extreme, imposing a practical limit on the lamp operating conditions. Thus, the singly ionized state remains the dominant one, and in the case of chromium, a bandpass filter (peak transmission wavelength at 2200 Å, FWHM approximately 200 Å) was required to suppress strong Cr II transition lines. (Strong lines contribute noise to the interferogram and thus to all regions of the spectrum; the resulting noise level in the spectrum can mask weak Cr III lines.) A Hamamatsu R7154 photomultiplier tube was used as a detector. Lines in the Cr III 3d 3 4s-3d 3 4p transition array were observed with 144 scans co-added to improve the SNR in the spectrum. A portion of the chromium-neon (Cr-Ne) PDL spectrum, showing the classified Cr III lines, is presented in Fig. 2 .
WAV E L E N G T H A N D I N T E N S I T Y C A L I B R AT I O N
The recorded Cr III spectrum was analysed, using the XGREMLIN program (Nave, Sansonetti & Griesmann 1997) , to yield a linelist with line wavenumbers, SNR, FWHM and relative intensities. A Voigt profile was fitted to the spectral features using a least-squares method. The wavenumber uncertainty, σ , is given by (Davis, Abrams & Brault 2001) 
where n is the number of data points across the line FWHM (typically five to six points with the resolution used in this work). In a few cases, poor line fits using a Voigt profile led to some lines being fitted using a centre-of-gravity (COG) line fit. The COG-fitting uncertainty is proportional to FWHM SNR , although it may be greater for weaker lines due to the difficulty in distinguishing between the noise and the edge limits of the line profile.
After fitting of the spectral lines, wavenumber calibration was carried out by comparison with a set of wavelength standard lines (Learner & Thorne 1988) , giving a wavenumber dependent shift:
where k is a constant. The standard lines for the wavelength calibration were taken from a spectrum comprising Cr I, Cr II and Ne gas lines, recorded by FTS (Murray 1992) . This chromium HCL spectrum was recently recalibrated (Pickering, private communication) , giving Cr I and Cr II wavenumbers relative to the Ar II standards of Whaling et al. (1995) with the wavenumber uncertainty of 0.002 cm −1 in the UV. Fig. 3 shows the comparison between these standard lines and those from our Cr-Ne PDL spectrum after wavenumber calibration, where the uncertainties in the plot are the line-fitting uncertainties of the PDL lines. Combining the standard error from Fig. 3 with the wavenumber uncertainty of the standard lines gives a combined wavenumber uncertainty of just over 0.002 cm −1 , or significantly less than one part in 10 7 , for the wavenumber calibration. The uncertainty for the strongest lines approaches the wavenumber uncertainty of the wavelength standards.
An intensity-calibrated deuterium standard lamp was used to find the instrument response. Fig. 4 shows the normalized response of the IC VUV FTS for the Cr-Ne PDL measurements, with the experimental setup as described. After intensity calibration, the resulting relative line intensities for strong lines (SNR ≈100) are accurate to within approximately 12 per cent at 44 600 cm −1 , falling to approximately 15 per cent at 42 760 and 47 420 cm −1 .
THE CR I I I S P E C T R A L L I N E L I S T
The classified Cr III lines are presented in Table 1 . The first column gives the logarithm of the calibrated integrated line intensities. The FWHM, in cm −1 , and the SNR are given in the second and third columns, respectively. Air wavelengths, in Å, presented in the fourth column, were calculated from the observed wavenumbers using the formula for the dispersion of air from Edlén (1953) . The observed vacuum wavelengths, in Å, and vacuum wavenumbers, in cm −1 , are given in the fifth and sixth columns, respectively. Wavenumber differences (σ obs − σ Ritz ) between the measured spectral lines (σ obs ), and the Ritz wavenumbers (σ Ritz ) calculated using the energy levels from Ekberg (1997) , are given in the seventh column. Wavenumber uncertainties for the lines, calculated in quadrature from the wavenumber calibration and estimated line-fitting uncertainties, are given in eighth column. The ninth and tenth columns give the designations of the lower and upper energy levels, respectively, involved in the transition. The final column indicates any blends or doubly identified lines and COG fits.
T H E C L A S S I F I C AT I O N O F T H E C R I I I S P E C T RU M
The classification of the observed Cr III lines was achieved by comparison of the observed spectrum with Ritz wavelengths generated using the energy levels from Ekberg (1997) . A neon linelist comprising Ne II and Ne III lines from the NIST Atomic Spectra Data base (ASD; http://physics.nist.gov/asd3) was used to identify lines from the buffer gas. Cr I and Cr II energy levels, also from the NIST ASD, were used to identify the transitions involving the lower ionization stages of Cr. In total, 140 3d 3 4s -3d 3 4p transition lines were classified as Cr III Ekberg (1997) . Wavenumber differences between the observed FTS unblended lines, σ obs , and the Ritz wavenumbers generated from Ekberg (1997) , σ Ritz , are shown in Fig. 5 . The error bars represent the FTS line-fit uncertainties.
The mean of σ obs − σ Ritz is small, ≈0.002 cm −1 , with a scatter about this value having a standard deviation of 0.1 cm −1 . This indicates there is no significant systematic error in wavenumber between the two sets of measurements. The estimated uncertainty in the observed wavelengths of Ekberg (1997) is 5 mÅ, which corresponds to an uncertainty of 0.1 cm −1 at 45 000 cm −1 , very close to the standard deviation of the differences between the FTS measured wavenumbers and the Ritz wavenumbers. The Ritz wavelengths from Ekberg (1997) would be expected to be more accurate than his observed wavelengths, since Ritz wavelengths are generated from the energy levels that were fitted using all classified observed lines, and therefore their uncertainty should not exceed 5 mÅ, in general. The energy level uncertainties given in Ekberg (1997) vary for the 3d 3 4s and 3d 3 4p levels, with most in the range 0.05 to 0.1 cm −1 . Combining the uncertainty of two levels in quadrature gives the estimated uncertainty of the Ritz wavenumbers as approximately 0.1 cm −1 , as expected. An example of the higher resolution and greater accuracy obtainable with FTS spectra, compared with the previous grating spectra, can be seen in Fig. 6 Ekberg (1997) , and were thus given the same wavelength and intensity parameters. The FTS measured lines are fully resolved.
E N E R G Y L E V E L A NA LY S I S
With sufficient, accurate, observed transition lines, known energy levels can be improved through a weighted least-squares fitting process. Preliminary reworking of a small number of 3d 3 ( 4 F)4s and 3d 3 ( 4 F)4p energy levels, using the ELCALC program (Radziemski & Kaufman 1969) , with the weightings of the observed lines inversely Figure 6 . The spectral lines ( 4 F)4s 5 F 3 -( 4 F)4p 5 F 3 and ( 4 F)4s 5 F 2 -( 4 F)4p 5 D 2 were observed as a single broad-line feature in the grating spectrum of Ekberg (1997) and are fully resolved in the FTS Cr III spectrum, as shown.
proportional to the square of the wavenumber uncertainties, showed that order of magnitude improvements in the energy level accuracies were possible for some of the levels. However, due to the relatively small number of lines, a full reworking of the energy levels was not attempted and is not included here. There are few or no observed interparent transition lines in many cases, which would make it difficult to place all of the energy levels on the same relative scale. The classified lines, however, are of significance in their use as wavelength standards for analysis of stellar spectra, with several of the Cr III transitions having already been observed in recently acquired B star spectra (Peters, private commumication).
S U M M A RY
Previous measurements of doubly ionized spectra of the iron group elements, vital for analysis of hot B stars, have used grating spectrographs with typical wavelength uncertainties of 5 mÅ (a few parts in 10 6 ). The high-resolution modern astrophysical spectrographs have increased both the wavelength coverage and resolution of stellar spectra, with wavelength uncertainties of one part in 10 7 in the UV required for their full interpretation. This work represents the first measurements of the Cr III spectrum by FTS, using a Cr-Ne PDL. 140 3d 3 4s-3d 3 4p Cr III transition lines in the region 38 000 to 49 000 cm −1 are presented. The wavenumber uncertainties of the strongest lines approach 0.002 cm −1 (0.1 mÅ at 2200 Å), a reduction in uncertainty by a factor of 50 over the observed grating lines measured by Ekberg (1997) .
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